Alzheimer's disease (AD) is a brain disorder that first manifests in the form of intermittent memory problems and then progresses to dementia and ultimately death. Although the precise cause of AD remains obscure evidence from multiple sources indicate that the amyloid β-protein (Aβ) plays a key role [1] . Aβ comprises a family of proteins with a common core of ~30 amino acids. These peptides are amphipatic in nature and are prone to self-associate and certain aggregates of Aβ are toxic to nerve cells. Aβ of various sequences, but most particularly those that extend C-terminal to alanine 42, are found in the tell-tale amyloid plaques which litter the brains of individuals who die with AD. Several mutations within the Aβ sequence cause early onset AD and are believed to increase the formation of toxic Aβ assemblies. However, such mutations are very rare and most cases of AD occur in individuals with the normal Aβ sequence. Why wild type Aβ folds to form toxic assemblies is unclear. One possibility is that certain post-translational modifications of Aβ may arise in some individuals and that these lead to sufficiently high levels of toxic Aβ assemblies so as to precipitate sporadic AD. In this regard studies of material extracted from AD brain suggest that Aβ with a size (~7-8 kDa) and properties consistent with a covalent dimer maybe particularly important [2] .
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In nature, there are only two reactions that could yield covalent Aβ dimers. One mechanism involves the phenolic coupling of tyrosine residues and the other the formation of an isopeptide bond between Gln15 and Lys16 ( Figure 1 ). Oxidative stress can cause formation of dityrosine (DiY) cross-linking of proteins and there is evidence of increased levels of DiY in AD [3] and in vitro, Aβ can readily be induced to form DiY cross-linked dimers. Cross-linking of Aβ can also be achieved by the enzyme catalyzed formation of isopeptide bonds between Gln15 and Lys16 ( Figure 1 ). In vivo, ε-(γ-glutamyl)-lysine bonds (Q-K) are formed by the action of the enzyme transglutaminase. Q-K formation is known to be increased in AD and synthetic Aβ can serve as a substrate for TG leading to production of isopeptide crosslinked dimers [4] . Surprisingly, until our study the aggregation of Aβ42 Q-K and DiY dimers was not investigated.
Using highly pure recombinantly produced Aβ42 [5] and enzymatic cross-linking we generated DiY and Q-K dimers and studied their aggregation kinetics and the nature of the aggregates they formed. Aggregation kinetics were monitored using 3 different techniques: Thioflavin T (ThT) fluorescence, analytical size exclusion chromatography (aSEC), and quasielastic light scattering (QLS). ThT is a benzothiazole dye known to bind to a variety of β-sheet-rich aggregates such that binding causes a red shift in the excitation spectrum of ThT. The assay we employed provides a continuous readout of changes in ThT fluorescence and thus the formation of ThT-positive aggregates.
QLS is a non-invasive method that was used to measure the average diffusion coefficient of particles in solution and therefore provides an estimate of the average hydrodynamic radius (R H ) of protein aggregates. aSEC separates soluble aggregates based on size and complements QLS. Four distinct phases of the aggregation process were identified by the ThT assay: (1) t=0, the earliest measurable time point after dimers or monomers were first isolated and before incubation at 37°C; (2) t=max, the interval at which ThT fluorescence reached its maximal plateau value, (3) t=¼max, an interval ¼ that of t=max; and (4) t=½max, an interval ½ that of t=max (Figure 2 ). At each of these 4 time points samples were analyzed by QLS and aSEC. Thus, we were able to define the kinetics of ThT-positive aggregates and estimate the size of these aggregates. We found that the Q-K dimer aggregated much faster than the monomer (Compare Figure 2C vs. 2A), while the DiY dimer aggregated slower (Compare Figure 2B vs. 2A) . Strikingly, aSEC and QLS revealed that monomer rapidly disappeared from solution forming large assemblies that were readily sedimented by low speed centrifugation. In contrast, the Q-K and DiY dimers were consumed at much slower rates than the monomer, and they formed smaller but more strongly ThT positive aggregates (Figure 3) . Negative contrast electron microscopy on endstage aggregates confirmed that dimers formed aggregates very different from those formed by monomer (Figure 4) . Collectively these results demonstrate that Q-K and DiY dimers have aggregation paths and products which result in the generation of more soluble and diffusible assemblies. Although we did not investigate the biological activity of aggregates formed by Q-K or DiY dimers, it is widely believed that soluble aggregates are more toxic than insoluble aggregates. Hence, it is tempting to speculate that covalent Aβ42 dimers may play an important role in AD. Furthermore, since we show that ThT fluorescence is not specific for fibrils but that certain prefibrillar structures can also bind to ThT, these findings have wider implications for the protein aggregation field and how changes in ThT fluorescence are interpreted. Thioflavin T assay and solubility analysis shows stark differences between monomer and both dimers. The aggregation rates of Aβ monomer (red), DiY dimer (gray) and Q-K dimer (blue) were distinct from one another. At the highest concentration of 10 µM, Aβ monomer exhibited a lag phase from the initiation of the experiment (t=0) whereby no ThT fluorescence was seen, for approx. 30 min, followed by a rapid aggregation rate reaching t=¼ max and t=½ max at 45 min and 55 min respectively, to achieve a maximal fluorescence (t= max) after ~3 hours of aggregation. DiY dimer however took 2 h to reach t=¼ max, 6.5 h to reach ½ max and ~16 h to reach t = max. For Q-K dimer, t=¼ max was achieved at 7 min, t=½ max at 24 min and reached t= max after ~3 hour and exhibited little or no lag phase. 
